Long-period long-duration (LPLD) events are tremorlike signals that have been observed during monitoring of hydraulic-fracture treatment programs. LPLD events have been interpreted to reflect slow deformation processes on fractures or faults that are misoriented for reactivation with respect to the present-day stress field. Regional earthquakes could easily be mistaken for LPLD events because both are characterized by similar frequency content (<100 Hz) and duration (∼1 min). Using data from a 10.5-month continuous downhole deployment of a 15-Hz geophone array in a tight-sand gas field in western Canada, we compared recordings of small earthquakes with previously published LPLD events. We determined that regional earthquakes can show similar waveform characteristics to LPLD events, underscoring the importance of distinguishing regional earthquake signals from LPLD events to ensure robust interpretation of reservoir deformation processes.
INTRODUCTION
Hydraulic fracturing techniques are widely used to stimulate production from unconventional reservoirs (e.g., Maxwell and Urbancic, 2001; Rutledge and Phillips, 2003; Warpinski, 2009; van der Baan et al., 2013) . Microseismic events occur due to stresses and strains associated with fluid and pressure changes in the reservoir and may be related to activation of preexisting fractures or the creation of new fractures (Maxwell and Urbancic, 2001 ). Longperiod long-duration (LPLD) events are a recently recognized phenomenon observed during some hydraulic-fracturing programs; these signals are characterized by tremorlike waveforms that persist for up to 1 min, dominated by frequencies in the range of 10-80 Hz Zoback, 2011, 2013a; Zoback et al., 2012) . LPLD signals exhibit some characteristics similar to episodic tremor and slip, a slow slip process seen at many subduction zones and transform boundaries (e.g., Obara, 2002; McCausland et al., 2005; Shelly et al., 2006; Nadeau and Guilhem, 2009; Shelly and Hardebeck, 2010) . On the basis of polarization-based source localization, LPLD signals have been interpreted as a type of slow slip along fracture surfaces that are misoriented with respect to the stress field (Zoback et al., 2012; Das and Zoback, 2013b) .
In this study, we document and describe regional earthquakes recorded during a long-term passive monitoring experiment in western Canada. The earthquakes considered here are listed in the national catalog maintained by Earthquakes Canada (2013) and thus have known locations, magnitudes, and origin times. We show that the duration, frequency content, and apparent velocity of regional earthquakes recorded using typical microseismic downhole sensors (15-Hz geophones) are remarkably similar to published LPLD examples, suggesting that regional earthquakes may constitute a previously unappreciated pitfall for identification of LPLD signals during hydraulic fracturing.
DATA SET
In this study, we use data recorded during the Hoadley Flowback Microseismic Experiment (HFME) (Eaton et al., 2014) . The objective of the HFME project was to acquire continuous downhole microseismic data during and after a multistage hydraulic fracture stimulation program in the Hoadley tight-sand gas reservoir in central Alberta (Canada), whose location map is shown in Figure 1 . Continuous passive seismic data were acquired over 295 days using a downhole retrievable array of 12 triaxial, 15-Hz geophones in a depth range from 1605 to 1835 m. The vertical monitor well was situated between two horizontal treatment wells (Figure 1 ). The long duration of continuous recording for this project enables observations of a variety of different types of seismic sources, including naturally occurring earthquakes.
The continuous recordings were GPS time synchronized, sampled at 0.25 ms, and recorded onto removable hard drives that were swapped every 4-6 weeks. The harvested microseismic data were archived and backed up to a processing/archival system. Automatic event detection using the short term on long-term average technique (Trnkoczy, 2009; Sharma et al., 2010) and interactive inspection of the continuous data were used to scan the raw data for events. Potential events were recognized on the basis of a multitude of closely spaced triggers over a relatively short interval of time (10 s to 3 min), along with relatively low dominant frequency (<100 Hz) and trace-to-trace coherency of the raw waveforms. Based on origin times and hypocenter locations in the national earthquake catalog maintained by Earthquakes Canada (2013), events were confirmed as being earthquakes if apparent P-and S-wave arrivals occurred within 10 s of the expected times using a simple crustal velocity model with a Moho depth of 36 km and V P ðV S Þ ¼ 6.2ð3.57Þ km∕s and 8.2ð4.7Þ km∕s in the crust and mantle, respectively. A list of the inferred regional earthquakes is shown in Table 1 .
OBSERVATIONS
The waveform characteristics of earthquakes vary with epicentral distance Δ; regional events (∼100 < Δ < ∼2000 km) have signal characteristics and frequency content that are distinct from local (Δ < ∼100 km) and teleseismic earthquakes (Δ > ∼2000 km) (e.g., Aki and Chouet, 1975; Dziewonski et al., 1981; Odaka et al., 2003; Borman et al., 2009) . Figure 2a shows examples of a regional earthquake sequence (mainshock þ aftershocks) recorded by our downhole geophone array in western Canada and listed by the national earthquake catalog. The sequence comprises a small earthquake measuring MN 3.1 (Nuttli magnitude, abbreviated as MN, is used in the national earthquake catalog of Canada, and described by Nuttli (1973) . MN is similar to the moment magnitude Mw, MN ∼ Mw þ 0.5 for small events (see Atkinson and Boore, 1987; Sonley and Atkinson, 2005) and several aftershocks, measuring MN 2.1, 2.8, recorded on 29 June 2013 at an approximate distance of 225 km from the monitoring array.
The earthquake signals have a duration of approximately 1 min and are characterized by dominant frequencies in the range of 8-35 Hz. Distinct arrivals mark the onset of P-and S-waves, which are followed by visible codas that are characterized by complex waveforms due to scattering from crustal heterogeneities along the source-receiver path, resulting in a roughly exponential amplitude decay (Aki, 1969; Aki and Chouet, 1975; Frankel and Wennerberg, 1987) .
For comparison, Figure 2b and 2c shows examples of interpreted LPLD events (Das and Zoback, 2013a) , which have strikingly similar characteristics including signal duration, dominant frequency content, occurrence of two distinct arrivals, and an approximately exponentially decaying amplitude response that is characteristic of S-wave coda for regional earthquakes.
Figure 3 provides additional waveform details for the largest earthquake in the aforementioned sequence. As expected, record sections extracted from the early part of P-wave and S-wave coda contain individual phases with different apparent velocities across the vertical array; we obtain measured apparent velocity values between ∼5.0 and ∼2.1 km∕s. Das and Zoback (2013a) report discrete phases with similar apparent velocities (4.9-2.9 km∕s, respectively) using microseismic data from the Barnett Shale. For the Hoadley array, the average formation velocities across the geophone array are 3.5 and 1.9 km∕s, yielding incidence angles of 45.6°and 25.2°using equation 1 from Das and Zoback (2013a) . In the case of earthquake coda, these individual phases represent scattered waves; the possibility of P-S and S-P conversion close to the source region or the receiver means that some P-wave energy may be present within the S-wave coda, and vice-versa.
DISCUSSION
Small earthquakes typically generate signals in the range of 1-20 Hz (Aki and Richards, 1980; Aki, 1987; Abercrombie and Leary, 1993; Allmann and Shearer, 2007; Havskov and Ottemoller, 2010) , which falls at the low end of the frequency response of 15-Hz geophones. Figure 4 shows a representative vertical component seismogram for an MN 3.5 earthquake on 3 June 2013. The seismogram was recorded at 3C singular broadband seismic station WALA, located roughly 406 km southwest of the observation well. Figure 4 , from top to bottom, depicts the raw vertical component data (mean removed), a high-pass filtered version (1-18 Hz) and a low-pass filtered version (0.2-1.0 Hz).
The characters of the P and S arrivals, including the coda and characteristic regional phases (e.g., Ma and Eaton, 2009) , are notable in the high-pass filtered trace. Pn and Sn represent the P and S head waves upcoming from the Moho discontinuity between the mantle and the crust; Pg and Sg are the direct P-and S-waves traveling in the crust. The presence of surface waves (Love and Rayleigh) is apparent in the raw data and the low-pass filtered version immediately after the S-waves group. Surface waves are strongly attenuated in the high-pass filtered trace and so would not be recorded by high-frequency geophones (15 Hz), particularly when deployed downhole. Unlike microseismic events, regional earthquakes are not impulsive arrivals, because the P and S coda are influenced by scattering processes within the crust along the path from source to receiver (Aki, 1969; Aki and Chouet, 1975) . The long duration of earthquake signals reflects the coda length, and in combination with the epicentral distance, the coda duration can be used to estimate magnitude (Hermann, 1975; Suteau and Whitcomb, 1979) . Waveforms of regional earthquakes might represent a particularly deceptive pitfall because their epicentral distance combined with the resulting separation in P-and S-wave arrival times may cause the P-and S-wave coda to be partially overlapping due to crustal scattering. At first sight, this gives the impression of a continuous long-duration event if recorded on a 15-Hz geophone or borehole receiver. Naturally, the potential to record earthquake signals during the recording time window for a microseismic program depends on the regional seismicity rate, which varies from location to location. In the case of the Barnett area investigated by Das and Zoback (2013a) , it is noteworthy that a high level of earthquake activity has been reported more recently in north Texas-Oklahoma (Frohlich, 2012; Ellsworth, 2013; Keranen et al., 2014) , despite the sparse, albeit increasing, seismic monitoring in this area (see Frohlich, 2012 ; Figure 1 ).
CONCLUSIONS
LPLD events are a promising indicator of potential slow-deformation processes occurring during a hydraulic fracturing treatment. However, a potential pitfall in the interpretation of LPLD events is that regional earthquakes can easily be mistaken for LPLD events because both have similar frequency content (<100 Hz) and duration (∼1 min). Using data from a 10.5-month continuous deployment of a downhole 15-Hz geophone array, we identified 13 earthquakes at epicentral distances of 129-286 km from the array. The earthquakes signals are characterized by similar frequency content and duration as LPLD events and therefore pose a potential pitfall for misinterpretation. Based on the observations presented in this paper, we suggest that identified LPLD events be checked against a regional earthquake catalog including quarry blasts, if available, to enable discrimination based on timing.
We have shown that a borehole array in an environment in which hydraulic fracture stimulation is conducted can detect regional earthquakes below the catalog completeness magnitude of permanent regional seismic networks. Because the Barnett Shale has relatively sparse, permanent seismic monitoring and because regional seismicity has increased in recent years, we cannot rule out the possibility that some or all of the documented Barnett Shale LPLDs are misidentified regional earthquakes. It is therefore important to distinguish regional earthquake signals from LPLD events to ensure robust interpretation of reservoir deformation processes. Consortium and a Collaborative Research and Development grant from the Natural Sciences and Engineering Research Council of Canada. Thanks go to X. Bao for providing the map of the location map of Hoadley gas field. Constructive reviews by G. Atkinson and S. Grandi helped to improve the clarity of this manuscript.
